This paper presents an experimental investigation of strength and fatigue properties of intact sandstone samples subjected to dynamic cyclic loading in the laboratory. Tests were conducted on sandstone samples with loading frequencies ranging in 0.5, 1, 2, and 4 Hz, loading amplitudes of 1, 15, 30, 60, 90, and 120 kN, and loading speeds of 0.5, 1, 2, 4, and 8 kN/s. In this study it was shown that the loading frequency, as well as the amplitude and loading speed, was of great significance and affected the mechanical characteristics of sandstone under dynamic cyclic loading. The fatigue life of sandstone was found to decrease with loading speeds and amplitudes but increase with loading frequencies. It was found that the minimum of the dynamic strength and deformation factor of sandstone was obtained at loading speeds of 2 kN/s but the maximum at loading frequencies of 1 Hz. Finally, it was concluded that the relationship between the fatigue life and loading speed, frequency, and stress amplitude under dynamic cyclic loading would be expressed as the S-N curve, which showed that the fatigue characteristic of sandstone was similar to that of metal materials.
Introduction
The characteristics of rock and rock masses play a key role in the long-term stability of rock engineering. In order to understand dynamic mechanical properties of rock as engineering materials, it is necessary to start with the behavior of intact rock. In recent, greater attention is focused on the behavior of rock in dynamic cyclic loading under varying loading scenarios. For rock engineering, understanding the strength and fatigue behavior under dynamic conditions is of special interest since the diverse dynamics significantly influence rock characteristics.
The reported literature has shown that there has been some progress in the description of the fatigue behavior of rock and that the study of dynamic mechanical of rock has also been carried out. From the reported literature, it was found that intact and nonjointed samples [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] were extremely susceptible to fatigue failure. Some have also investigated the dynamic properties of failed models of jointed rock [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . The following is a summary of work related to dynamic properties of rock specimens in the laboratory. Attewell and Farmer [1] reported that, during cyclic compression tests on rock specimens, the dynamic strength of rock appeared to be reduced by 50-70 percent of the static strength. Singh [2, 3] investigated fatigue and strain hardening behavior of greywacke under cyclic loading. Results show that, at a given maximum stress level, stress amplitude, and loading frequency, the percentage strain hardening increased with number of load cycles. Tien et al. [4] studied deformation and fatigue behaviors of saturated sandstone subjected to cyclic loadings. It was revealed that there existed a critical axial deformation beyond which the failure of rock would occur immediately. Li et al. [5] investigated critical evidence for fatigue crack propagation in sandstone samples. Results indicated that the subcritical crack propagation rate in the sandstone demonstrated a dependence on the range of the stress intensity factor. Bagde et al. [6] [7] [8] [9] reported that some of these materials became stronger and more ductile, while others became weaker and more brittle when subjected to dynamic cyclic loads. It was concluded that rock would more readily succumb at low loading frequencies and low amplitude than at high loading frequencies and amplitude. Xiao et al. [10] proposed a damage variable to describe the actual evolution process of granite fatigue damage by analyzing the test results of the uniaxial cyclic dynamic tests. Liu and He [11] carried out a series of laboratory tests to assess the effects of confining pressure on the mechanical properties and fatigue damage evolution of sandstone samples subjected to cyclic loading. Results from the tests indicated that the level of confining pressure had a significant influence on the cyclic deformation and fatigue damage evolution of the sandstone samples tested. Burdine [12] carried out an investigation to assess the cumulative damage to samples under various loading conditions. It was found that the fatigue strength of rock was strongly dependent on its grain size, with fine-grained rocks having higher and more consistent strengths. Zhenyu and Haihong [13] studied the behavior of rock under cyclic loading and proposed an endochronic constitutive equation that had an ability to describe the stress-strain curve under cyclic loading conditions and fit the experimental data well. Eberhardt [14] reported that fracture damage induced through sampling disturbance had a markedly different effect on material strength than damage induced through monotonic or cyclic loading. Lajtai et al. [15] investigated the effect of strain rate on strength for brittle limestone ductile salt rock. The results showed an increase in compressive strength with increasing strain and stressing rate, although the rate effect was very small. Ray et al. [16] reported that during cyclic compression tests on sandstone specimens, fatigue strength and Young's modulus increased with the rise in the strain rate and failure strain increased with increase of the number of cycles. Brown and Hudson [17] studied the fatigue behavior of idealized models of jointed rocks subjected to cyclical loading. Test results showed that the failed models of jointed rock were extremely susceptible to cyclic fatigue failure. Prost [18] investigated the effect of a preexisting joint on initiation and propagation of cracks during cyclic compression-tension tests. It was reported that the largest loads and loading amplitudes generally caused failure in the least number of cycles. Chen and Taylor [19] [20] [21] presented a nonlocal analysis of the dynamic damage accumulation processes in brittle solids. The results indicated that the model reproduced, qualitatively, the brittle behavior of rock under blasting conditions. Li et al. [22, 23] studied the mechanical characteristics and proposed a fatigue damage model for jointed rock masses and dry, frozen, and saturated sandstone samples subjected to dynamic cyclical loading.
From the reported literature, it is found that earlier studies related to dynamic behavior of rock concentrated mostly on prepared jointed models in laboratory, mathematical model, and so forth. These studies reveal that different rocks show different responses in cyclic loading conditions. While the general mechanicals of rock have been well researched, studies on the effect of the strength and fatigue properties of rock on loading conditions and on the relationship between dynamic strength and static strength of rock are scarce. Understanding how loading condition influences strength and fatigue in rock has a great significance in predicting cyclic fatigue in the coal mines. Therefore, a good understanding of the strength and fatigue characteristics of rock under different scenarios is essential. In this paper, an empirical investigation into the strength and fatigue characteristics of sandstone under different loading conditions is reported. The results are also expected to provide a better understanding of the relationship between dynamic strength and static strength of rock in burst prone areas.
Test Scheme and Methods

Experimental Equipment.
The tests were conducted on a WDT-1500 reactive material testing machine. The WDT-1500 controller consisted of hardware component and software applications. It consists of four main parts: DOLI's digital servo controller, an axial dynamic loading system, a selfbalanced pressure chamber, and a data acquisition system. The hydraulic station provides the power, the computer measurement and control system are used to control the electrichydraulic servo valve, and the host runs the experiment under the control of the computer. The maximum axial force used is 1500 kN, the highest confining pressure applied is 80 MPa, the highest frequency is 10 Hz, and the highest amplitude is 0.5 mm.
Experimental Method.
To ensure the similarity of the tested samples as much as possible, the sandstone samples with almost the same content of impurity and without cracks were selected. The sandstone samples were cut into circular cylinders 50 mm diameter × 100 mm length, and the evenness of the head faces was controlled to 0.02 mm according to the Chinese standard for tests method of engineering rock masses. The samples were prechecked by ultrasonic means with a velocity limit of 3752 ± 30 ms −1 . The tested samples consisted of a wide variety of minerals shown in Table 1 . Therefore, we assumed that the effect on the test results would be minimal.
To investigate the dynamic strength properties of the sandstone samples under different conditions, the sandstone samples were divided into three groups, each subjected to a different cyclic loading scheme and different loading frequencies, different cyclic loading speeds, and different cyclic loading amplitudes. The illustration of loading condition on time-displacement curve throughout the dynamic cyclic loading is given in Figure 1. 
Test Results and Analysis
Strength and Fatigue Properties of Sandstone under Dynamic Cyclic Loading with Different Loading Speeds.
To study the strength and fatigue properties of the sandstone under different speeds of dynamic cyclic loading, the loading amplitude and frequency were up to 30 kN and 1 Hz, The strength and fatigue properties of the sandstone samples are shown in Table 2 . The stress-strain and straintime curves of the dynamic uniaxial cyclic loading test under different loading speeds are shown in Figure 2 . It was found that the peak stress, peak strain, and fatigue life change notably with the change in loading speed. There is a similar relation between the peak stress and peak strain and the loading speed. At a lower loading speed of 0.5 kN/s, the peak stress and peak strain are not the lowest, while the value of peak stress and peak strain decrease to 81.81 MPa and 1.179% when the loading speed is 2 kN/s, respectively. As the loading speed increases, the peak stress and peak strain increase when the loading speed is greater than 2 kN/s, while the average fatigue life is reduced obviously. The minimum of the dynamic peak stress and peak strain of the sandstone is obtained at loading speeds of 2 kN/s. This phenomenon may be caused by enhanced crack propagation of the sandstone with increasing loading speed.
In the sandstone testing under loading amplitude of 1 kN with loading speeds of 0.5 kN/s, 1 kN/s, 2 kN/s, 4 kN/s, and 8 kN/s, the average fatigue lives are 2163, 1347, 558, 232, and 143, respectively. Thus, decrease of the loading amplitude increases the average fatigue life greatly, mainly because the loading amplitude of 1 kN in each cycle causes less damage to the sample, slowing the crack propagation. When the stress amplitude becomes much smaller and the damage pattern resembles quasistatic compression damage, hence the fatigue life considerably rises.
Strength Properties and Fatigue Behavior of the Sandstone under Dynamic Cyclic Loading with Different Loading Frequencies.
To investigate the strength properties and fatigue behavior of the sandstone under different loading frequencies, the loading amplitude and speed were up to 30 kN and 1 kN/s, respectively. The loading speeds were 0.5 Hz, 1 Hz, 2 Hz, and 4 Hz. The strength and fatigue properties of the sandstone samples are shown in Table 3 . The stress-strain and strain-time curves of the dynamic uniaxial cyclic loading test under different loading frequencies are shown in Figure 3 . When the loading frequency is less than 1 Hz, the peak stress and peak strain increase with increasing loading frequency. The different case happens on the opposite condition where the peak stress and peak strain decrease with the change in loading frequency. A reason for the drop in peak stress and peak strain could be that at a higher loading frequency crack propagation may not be allowed to develop; thus, the sandstone became harder and was capable of sustaining load until final failure. Moreover, the fatigue life of the sandstone shows an increasing trend with loading frequency.
Strength Properties and Fatigue Behavior of the Sandstone under Dynamic Cyclic Loading with Different Loading Amplitudes.
To investigate the strength properties and fatigue behavior of sandstone under different loading amplitudes, the loading frequency and speed were up to 1 Hz and 1 kN/s, respectively. The loading amplitudes were 15 kN, 30 kN, 60 kN, 90 kN, and 120 kN. The stress-strain, peak stress of cycles, peak strain of cycles, and peak strain of cycles-time curves of the dynamic uniaxial cyclic loading test under different loading amplitudes are shown in Figure 4 . The sandstone sample tests conducted under different loading amplitudes showed that the peak stress, peak strain, and fatigue decrease with loading amplitudes. The strength and fatigue properties of the sandstone samples are shown in Table 4 . This may be due to enhancement in the crack propagation of the sandstone. Thus, as the loading amplitude increases, the damage of salt rock is enhanced.
Discussion
Our results show that the fatigue life of sandstone varies considerably with different loading speeds, frequencies, and amplitudes. The fatigue life changes notably with the change in loading speed, frequency, and amplitude. This may be caused by the smaller external loading speed and amplitude in each cycle causing less damage and slowing the crack propagation process. A stress life curve is one of the basic data for describing the fatigue properties of materials, which can be expressed in a form of table or by functions, abbreviated as -curve. The fatigue behavior is generally described by the -curve that shows the stress amplitude, loading speed, and frequency versus number of cycles to failure ( Figure 5) . The relationship between the fatigue life and loading speed and frequency and stress amplitude under dynamic cyclic loading can be expressed as
where is fatigue life, is the stress amplitude, loading speed, or frequency of the dynamic cyclic loading, and and are constants. In this paper, the fitting coefficients of the curves are 0.9877, 0.9982, 0.9836, and 0.9473, which confirm the perfect fit of the -curves of the sandstone fatigue under different loading speeds, frequencies, and stress amplitudes and show that the fatigue characteristic of the sandstone is similar to that of other materials. Equation (1) could be used to estimate the fatigue life based on loading speed, frequency, and stress amplitude.
We also performed static uniaxial compression tests of the sandstone under loading speeds of 0.5 kN/s, 1 kN/s, 2 kN/s, 4 kN/s, and 8 kN/s, respectively. The static average compression strength and peak strain were obtained from the tests. Our results also show that the dynamic strength and deformation factor ( / and / ) of the sandstone vary considerably with different loading speeds, frequencies, and amplitudes. The dynamic strength and deformation factor change notably with the change in loading speed, frequency, and amplitude ( Figure 6 ). The dynamic strength and deformation factor are generally described by thecurve which shows that the relationship between the stress amplitude and / and / under dynamic cyclic loading can be expressed as
Shock and Vibration where is the dynamic strength, is the static compression strength, is the stress amplitude, and and are constants. In this paper, the fitting coefficients of the curves are 0.995 and 0.993, which confirm the perfect fit of the -curves of sandstone dynamic strength and deformation factor under different stress amplitudes.
Conclusions
In this study, we performed dynamic cyclic loading tests on sandstone to determine the fatigue life and dynamic strength under different loading speeds, frequencies, and stress amplitudes. The test results revealed that the cyclic condition affected the fatigue life as well as dynamic strength and deformation characteristics of the sandstone. It was observed that the fatigue life of the sandstone reduced with loading amplitude and speed increased, while it increased considerably with increased frequency. Based on quantitative analysis, we obtained the -curve with fitting coefficients of 0.9877, 0.9982, 0.9836, and 0.9473, which confirm the perfect fit of the -curves of sandstone fatigue under different cyclic condition. It was also found that as the stress amplitude increased, the peak strength and deformation decreased considerably. The relationships between the stress amplitude and the dynamic strength and deformation factor are generally described by the -curve under dynamic cyclic loading.
Finally, it was concluded that the peak strength and deformation of sandstone would be higher at low frequency and speed than at high frequency and speed.
